We have utilized an in vivo-inducible genetic-fatemapping strategy to permanently label cohorts of Math1-positive cells and their progeny that arise in the rhombic lip of the cerebellar primordium during embryogenesis. At stages prior to E12.5, with the exception of the deep cerebellar nuclei, we find that Math1 cells migrate out of the cerebellar primordium into the rostral hindbrain to populate specific nuclei that include cholinergic neurons of the mesopontine tegmental system. Moreover, analysis of Math1-null embryos shows that this gene is required for the formation of some of these nuclei. Around E12.5, granule cell precursors begin to be labeled: first, ones that give rise to granule cells that predominantly populate the anterior lobes of the adult cerebellum and later, those that populate progressing more caudally lobes until labeling of all granule cell precursors is complete by E17. Thus, we demonstrate that the cerebellar rhombic lip gives rise to multiple cell types within rhombomere 1.
Introduction
The cerebellum develops from an embryonic primordium within dorsal rhombomere 1 (r1) that contains two germinal zones: the ventricular neuroepithelium and the cerebellar rhombic lip (Altman and Bayer, 1997; Wingate and Hatten, 1999; Zervas et al., 2004) . Granule cells of the cerebellum, the most abundant neuronal type in the adult brain, arise from a precursor population that originates in the cerebellar rhombic lip (herein shortened to "rhombic lip") (Alder et al., 1996) , whereas all other cerebellar neurons are thought to arise from the ventricular zone (Hallonet et al., 1990) . Specification of granule cell precursors requires the basic helix-loophelix (bHLH) transcription factor Math1 (Ben-Arie et al., 1997), a mouse homolog of Drosophila atonal (Akazawa et al., 1995) . Once specified, granule cell precursors (GCP) migrate rostrally over the dorsal surface of the cerebellar anlage to form the external granule layer (EGL). GCP maintain Math1 expression throughout their postnatal proliferation in the EGL until their inward radial migration to form the internal granule layer (IGL) (Hatten and Heintz, 1995; Helms et al., 2001) .
A number of recent fate-mapping studies have proposed that in addition to GCP, the cerebellar rhombic *Correspondence: fishell@saturn.med.nyu.edu lip also produces other neuronal lineages that migrate ventrally out of the cerebellar anlage to populate the anterior hindbrain (Wingate, 2001) . By microsurgically constructing quail-chick chimeras at E2 (stage 10), with HoxA2 expression to mark the r1/r2 boundary, it was found that in addition to granule cells, grafts of dorsal r1 also gave rise to a ventral population of cells that contributed to the lateral pontine nucleus (Wingate and Hatten, 1999 ). An in vivo retroviral lineage analysis of chick embryos infected at stages 10-12 found that clones of progenitor cells in the cerebellar primordium that gave rise to granule cells could also give rise to noradrenergic (TH + ) neurons in the locus coeruleus as well as cells of the pontine reticular formation, vestibular nuclei, and parvocellular isthmic nucleus (Lin et al., 2001) . Ventral migration of rhombic-lip derivatives along the mid-hindbrain boundary has been directly observed in vivo in zebrafish embryos mosaic for a GFP transgene (Koster and Fraser, 2001 ). Although these fatemapping studies clearly suggest that the cerebellar rhombic lip is the germinal origin of specific rostral hindbrain nuclei in addition to granule cells, they were limited by an inability to define either the initial cell populations that are labeled or the precise structures and cell types that arise later in development.
Recently, genetic methods of fate mapping with Creor Flp-mediated recombination have been developed that enable permanent marking of cells within embryonic regions defined by gene expression (Dymecki and Tomasiewicz, 1998; Zinyk et al., 1998) . Using this approach, it was shown that Wnt1-positive cells of the dorsal hindbrain give rise to the precerebellar afferent nuclei that project mossy fibers to the granule cells of the cerebellum (Rodriguez and Dymecki, 2000) . Furthermore, ligand-inducible Cre recombinases have been developed that allow for cohorts of cells to be labeled at specific embryonic stages in transgenic mice (Danielian et al., 1998; Feil et al., 1996) . This approach has been utilized to construct temporal fate maps of the Wnt1 and Engrailed-1/Engrailed-2 embryonic territories in the midhindbrain region (Sgaier et Thus, we present the first temporal fate map of the widely disparate neuronal populations that originate in the cerebellar rhombic lip throughout embryogenesis. (Figures 1B-1D ) and comparing with age-matched embryos from the Math1-lacZ knockin mouse line ( Figure 1E ) that expresses β-galactosidase from the endogenous Math1 locus (Ben-Arie et al., 2000). Although the expression of Math1 mRNA is restricted to the rhombic lip at early embryonic stages (insets in Figures 1B and 1C) , both the transgenic mRNA and β-galactosidase staining in the Math1 knockin showed similar perdurances. We did not observe ectopic expression of the transgene at early embryonic stages, although by E12.5 a limited amount of ectopic expression could be detected in the primordium of the hippocampus. Although this is in part consistent with previous work using this enhancer to express GFP in transgenic mice (Lumpkin et al., 2003) , unlike this previous study, we did not detect any ectopic expression in the cortex. In addition to the rhombic-lip expression detailed above, we also observed expression of the transgene in other known regions of Math1 expression, including the dorsal hindbrain and spinal cord as well as in the inner-ear primordia (data not shown). We did not observe any substantial recombination of the reporter locus in the absence of tamoxifen (no labeled the embryos 1 day later for whole-mount β-galactosidase staining. As shown in Figure 2A , Math1 + cells labeled by tamoxifen administration at E10.5 are located rostrally and laterally away from the midline by E11.5. Labeling of mitotic progenitor cells in the cerebellar primordium with a single pulse of BrdU at E10.5 revealed that by E12.5, cells that had become postmitotic shortly after the BrdU pulse (i.e., had retained the BrdU label) had migrated rostrolaterally and overlapped with the Math1 population fate mapped by tamoxifen administration at E10.5 ( Figure S1) . A comparison at E12.5 (2 days after tamoxifen administration) ( Figure 2B ) with lateral tissue sections from the Math1-lacZ mouse (Figure 2C) shows that although in both cases, the rostral migratory populations are similar, no Math1-CreER T2 recombined cells remain in the rhombic lip (see arrows in Figures 2B and 2C) . By E14.5, the recombined cells are clearly distinct from the granule cell precursors that have formed the EGL, and most have migrated out of the cerebellar primordium ( Figures 2D and 2E) .
Results

To
We fate mapped this cohort of Math1 + cells into the adult and found that the cells that had migrated out of the cerebellar primordium had populated specific nuclei in the lateral anterior hindbrain ( Figure 2F ). Within the cerebellum, we observe robust labeling of the deep nuclei, particularly with tamoxifen administration at E11.5. Almost no labeled granule cells could be detected in the cerebellum of animals gavaged at E10.5, and gavaging 1 day later at E11.5 only labeled small numbers of granule cells ( Figure 2G) .
Previous fate mapping of the hindbrain rhombic lip with Wnt1 has shown that the precerebellar nuclei originate in this neuroepithelium (Rodriguez and Dymecki, 2000) . However, since Wnt1 does not mark neural progenitors within the cerebellar rhombic-lip populations at least up to E11.5 (Zervas et al., 2004) , we have chosen to focus on this region exclusively because these r1-derived hindbrain nuclei were not labeled in earlier studies. To characterize the rostral hindbrain populations labeled by the Math1-CreER T2 transgene in more detail, we examined coronal sections from adult (P21) transgenic mice that were gavaged with tamoxifen at E10.5 (Figures 2H-2J) . We observed labeled cells in the parabigeminal (PBG), pedunculopontine tegmental (PPTg), and microcellular tegmental (MiTg) nuclei at the most rostral positions ( Figure 2H ). Progressing caudally, we also observe labeling in the laterodorsal tegmental nuclei (LDTg), dorsal nuclei of the lateral lemniscus (DLL), and lateral parabrachial nuclei (LPB, Figures 2I and 2J) . Because the PPTg and LDTg are part of the hindbrain cholinergic system (Woolf, 1991), we performed immunohistochemistry for choline acetyltransferase (ChAT) and β-galactosidase on adjacent sections to those shown in Figures 2H-2J and found double-labeled cells in both nuclei ( Figure 2K and data not shown). To demonstrate that these neuronal populations arose in rhombomere 1, we examined whether these nuclei express Engrailed-1 during their development. Cumulative En1-Cre fate mapping has been shown to label the entire mes-r1 territory (Zervas et al., 2004) , and because Math1 is not expressed in the mesencephalon (Figure 1) , we can infer that nuclei labeled by both fate-mapping approaches originated in rhombomere 1. The β-galactosidase staining of the PBG, PPTg, MiTg, LDTg, and LPB nuclei in En1-Cre; R26R-stop-lacZ sections ( Figures 2L and 2M) clearly indicated that the Math1-CreER T2 fate-mapped cells in these nuclei originated in rhombomere 1 and not the hindbrain rhombic lip. Other hindbrain nuclei such as the DLL may also arise from the cerebellar rhombic lip but were not unambiguously labeled by En1-Cre fate mapping.
To determine whether the specific hindbrain nuclei that originate in the cerebellar rhombic lip require Math1 for their development, we generated homozygous Math1-LacZ knock in embryos and compared the β-galactosidase staining in the rostral hindbrain of these Math1-null embryos with heterozygous siblings (Figure 3) . Because the Math1-null animals die at birth (Ben-Arie et al., 1997), our analysis was restricted to late embryogenesis, but nevertheless even by E17, the Math1 cells that contribute to the anterior hindbrain nuclei described above could be detected in heterozygous animals by staining for residual β-galactosidase activity ( Figures 3A, 3C, 3E, and 3G) . Interestingly, although the r1-derived anterior Math1 populations are absent in the Math1 null (compare regions indicated by long arrows in Figures 3A and 3B) , some of the more caudally located nuclei are still present (e.g., short arrows in Figures 3C and 3D) , implying that the requirement for Math1 is variable among the different hindbrain nuclei that express Math1 during their development.
Granule cell precursors are known to originate from the cerebellar rhombic lip and express Math1 from the time of their embryonic induction throughout their postnatal maturation in the external granule layer. However, because these cells do not become postmitotic until after P3, determining the period of granule-cell precursor induction by embryonic labeling of dividing cells has been difficult. We administered tamoxifen at E12.5 in the Math1-CreER T2 transgenics and in contrast to earlier gavage time points found substantial labeling of cells in the EGL by E13.5 ( Figure 4A ). Comparing labeled cells in Cre transgenic and Math1-lacZ sections at E14.5, we observed that tamoxifen administered at E12.5 in the transgenic embryos primarily labeled granule cell precursors in the rostral EGL, whereas Math1-lacZ labeled the entire EGL (Figures 4B and 4C) . By P21, the rostral distribution of early born granule cells is evident in the internal granule layer, with labeled cells biased to the anterior lobes particularly in the vermis (Figure 4D ), consistent with a previous fate-mapping study with En1/En2-CreER (Sgaier et al., 2005) . Posterior lobes (9-10) are sparsely labeled by E12.5 tamoxifen administration across all medial to lateral positions.
To determine when the induction of progenitors that will give rise to granule cells of the posterior cerebellar lobes occurs, we gavaged transgenic animals with tamoxifen at E14.5 (not shown), E15.5, and E16.5 and fate mapped the labeled cells into the P21 animal. After tamoxifen administration at E15.5, the entire IGL is evenly labeled in the adult, with the exception of the most posterior lobe (arrow in Figure 4E ), which is strongly labeled 1 day later ( Figure 4F ). Thus, we estimate that granule cell precursors are generated in the rhombic lip from approximately E13 to as late as E17 in a rostral to caudal sequence. Between E10 and E12.5, Math1-expressing rhombic-lip progenitors contribute to a series of nuclei within the hindbrain and mesencephalon including the PBG (parabigeminal nucleus), the PPTg (pendunculopontine tegmental nucleus), the MiTg (microcellular tegmental nucleus), the LDTg (laterodorsal tegmental nucleus), and the LPB (lateral parabrachial nucleus) as well as the deep nuclei within the cerebellum (fastigial, interposed, and dentate nuclei). Subsequent to E12.5, virtually all Math1-expressing cells in the rhombic lip become granule cells. Interestingly, the cerebellar granule cells are produced in sequential cohorts with those ultimately residing in the anterior cerebellum being generated around E12.5, whereas those in the posterior cerebellum are generated at times closer to E15.5 to E16.5. mately allow for greater resolution of the diverse cell types that are generated in this unique germinal region.
Discussion
To date, although the cerebellar rhombic lip has been argued to contribute to certain hindbrain nuclei, both the precise structures they contribute to and the cell types they comprise within these structures have remained unclear. We observe contributions of Math1-CreER T2 -labeled cells from early embryonic stages to the parabigeminal nuclei, pedunculopontine, microcellular tegmental and laterodorsal tegmental nuclei, and lateral parabrachial nuclei, based on the anatomical position of labeled cells. Analysis of Math1-LacZ-null mice shows that several of these nuclei fail to form in the absence of Math1-gene function (Figure 3) . Although additional hindbrain nuclei such as the dorsal lateral lemniscus and lateral pontine nuclei may also receive contributions from the cerebellar rhombic lip, we could not unambiguously identify the rhombomeric origins of labeled cells in these regions with En1-cre fate mapping. Interestingly, the pedunculopontine and laterodorsal tegmental nuclei are components of the cholinergic system (Woolf, 1991) , and accordingly, we observe that some of the Math1 fate-mapped cells in these regions express choline acetyltransferase (Figure 2 ). These mesopontine tegmental nuclei project primarily to the thalamus but also to many other brain regions, including the substantia nigra and ventral reticular formation, where they provide the only known cholinergic input and, thus, may regulate the activity of dopaminergic neurons in these regions (Yeomans, 1995) . To our knowledge, this is the first evidence demonstrating that hindbrain cholinergic nuclei originate in the cerebellar rhombic lip.
The idea that specific bHLH transcription-factor expression in subsets of neural progenitors may define their later integration into a common circuit is intriguing and has been studied in a number of contexts. Math1 has been previously shown to be essential for the development of multiple components of the proprioceptive system, including inner-ear hair cells, the pontine nuclei, cerebellar granule cells, and the D1 interneurons of the spinal cord (Bermingham et al., 2001) . In this study, we show that an additional component of the vestibular system-the lateral parabrachial nucleialso develops from a Math1 + precursor. Interestingly, the lateral parabrachial nucleus has reciprocal connections to the vestibular nuclei in addition to reciprocal connections with the amygdala, hypothalamus, and prefrontal cortex (Balaban, 2004) 
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